Brain function is shaped by postnatal experience and vulnerable to disruption of Methyl-CpG-binding protein, Mecp2, in multiple neurodevelopmental disorders. How Mecp2 contributes to the experiencedependent refinement of specific cortical circuits and their impairment remains unknown. We analyzed vision in gene-targeted mice and observed an initial normal development in the absence of Mecp2. Visual acuity then rapidly regressed after postnatal day P35-40 and cortical circuits largely fell silent by P55-60. Enhanced inhibitory gating and an excess of parvalbumin-positive, perisomatic input preceded the loss of vision. Both cortical function and inhibitory hyperconnectivity were strikingly rescued independent of Mecp2 by early sensory deprivation or genetic deletion of the excitatory NMDA receptor subunit, NR2A. Thus, vision is a sensitive biomarker of progressive cortical dysfunction and may guide novel, circuit-based therapies for Mecp2 deficiency.
INTRODUCTION
Much of our adult behavior reflects the neural circuits actively refined by sensory experience in infancy and early childhood. Mounting evidence suggests that aberrant synaptic connections underlie many forms of neurodevelopmental disorders of human cognition (Zoghbi, 2003; Chahrour and Zoghbi, 2007) . Mutations in the MECP2 gene have been reported in individuals with infantile autism, severe encephalopathy, motor abnormalities, respiratory dysfunction, mental retardation, bipolar disorders, schizophrenia, and mild learning disabilities indicating that disrupted Mecp2 expression underlies complex behavioral phenotypes of multiple human neurodevelopmental disorders (Samaco et al., 2004; Van Esch et al., 2005) . While peripheral measures (e.g., respiration) are readily taken, regrettably no direct cortical biomarker is available to monitor the regression or response to treatment in Rett patients.
Rett syndrome (RTT) was first characterized in 1983 as ''a progressive syndrome of autism, dementia, ataxia, and loss of purposeful hand use in girls,'' and was incorporated in the DSM-IV shortly thereafter (Amir et al., 1999; Zoghbi, 2003; Chahrour and Zoghbi, 2007) . Since then, a mutation in the gene on the X chromosome encoding the transcriptional modulator protein MECP2 has been discovered to account for the vast majority of individuals diagnosed with RTT. Because of its X-linked genetics, RTT mainly affects girls, who are somatic mosaics for normal and mutant MECP2. The spatiotemporal and cellular expression of MECP2 mRNA and protein starts in basal ganglia by midgestation and extends to cortical neurons in late gestation and postnatally (Amir et al., 1999; Balmer et al., 2003; Armstrong et al., 2003) . One key feature of the disorder is that the associated behavioral abnormalities are subtle at first and then progressively deviate from normal development with age. This cannot be explained simply by a pervasive defect in synapse formation (McGraw et al., 2011) but is likely to involve a disrupted process of activity-dependent neuronal circuit refinement with complex outcomes.
Mouse models of RTT, considered a gold standard of animal models due to the recapitulation of behavioral and neurobiological symptoms seen in patients, have been critical for beginning to understand the functional consequences of Mecp2 loss and gain of function. Postnatal loss of Mecp2 from neuronal and non-neuronal cells indicates that discrete features of RTT are associated with discrete circuits (Gemelli et al., 2006; Fyffe et al., 2008; Ballas et al., 2009; Samaco et al., 2009; Deng et al., 2010; Lioy et al., 2011; Derecki et al., 2012) . Importantly, disruption of Mecp2 in all GABA circuits alone may manifest several aspects of Rett Syndrome, including abnormal EEG hyperexcitability, severe respiratory dysrhythmias and early lethality (Chao et al., 2010) .
Mecp2 deficiency restricted to GABAergic neurons alters Gad1/2 expression and GABA neurotransmitter release, suggesting a decrease of inhibitory function while excitatory drive is grossly unaffected. Instead, global perturbation of Mecp2 expression-closer to the human condition-shifts neocortical excitatory/inhibitory (E/I) balance in favor of inhibition in vitro (Dani et al., 2005; Nelson et al., 2006; Wood et al., 2009; Wood and Shepherd, 2010) , while an enhanced excitation may be found in brainstem circuits (Shepherd and Katz, 2011) . Hence, synaptic dysfunctions in RTT may be diverse and highly circuit dependent. Despite these recent findings, the precise nature of cortical circuit abnormality in vivo and how sensory experience affects the maturation and maintenance of a particular brain function through Mecp2 regulation remain unclear.
To address this complex question, we have taken advantage of the well-studied visual system and specifically analyzed visual function in adult Mecp2 knockout (KO; Guy et al., 2001 ) and wild-type (WT) littermates, using a behavioral assay and in vivo electrophysiological recording. We discovered that vision can serve as a reliable cortical biomarker of Mecp2 disruption, which has recently been confirmed in RTT patients (G. DeGregorio, O. Khwaja, W. Kaufmann, M.F., and C.A. Nelson, unpublished data) . Here, we show in KO mice that acuity initially develops normally in the absence of Mecp2 before regressing rapidly into adulthood in direct correlation with the onset of RTT phenotypes. Single-unit recordings revealed low spontaneous neuronal activity and a general silencing of cortical circuitry. Consistent with this, the propagation of neural activity in response to threshold stimulation of the white matter in visual cortical slices was strongly gated in layer 4 of the Mecp2-deficient mice.
Corresponding hyperconnectivity of perisomatic, GABAergic puncta upon excitatory neurons was already evident just after eye opening in anticipation of acuity loss. Late Mecp2 deletion only from these parvalbumin (PV) circuits instead failed to affect spontaneous activity or visual acuity, suggesting that cortical symptoms may be traced back to atypical developmental trajectories. Strikingly, early sensory deprivation or genetic deletion of NMDA receptor 2A (NR2A) subunits restored both PV connectivity and visual function. Since the brain undergoes maximal plasticity in infancy (Hensch, 2004) , even minor developmental deflections could have a large impact later in life, which are vital to the design of appropriate treatments. Thus, vision may serve as a useful, nonmotor biomarker of declining cortical function that can be rescued prior to symptom onset independent of Mecp2.
RESULTS

Vision Regresses in the Absence of Mecp2
Sensory experience shapes neural circuits in the mammalian visual cortex. Optimal cortical E/I circuit balance is required for the activity-dependent development of visual properties (Hensch and Fagiolini, 2005) . We first measured changes in visual acuity in response to high contrast moving gratings by an optomotor task to rapidly and reliably assess mouse vision (Prusky et al., 2004) . Mecp2-deficient adults (postnatal day P55-60) exhibited lower visual acuity than littermate WT control mice ( Figure 1A ; p < 0.0001). This mutant line notably presents motor defects beginning around 4 weeks of age which worsen rapidly until death 4-6 weeks later (Guy et al., 2001 ). Yet, it is unlikely that the apparent visual defect reflected motor impairment, as Mecp2 KO mice matched their WT littermates' abilities to track low spatial frequency stimuli (100% accuracy at 0.05 to 0.2 cycle/degrees [cpd] , 30 min continuous trials).
To confirm a visual rather than motor defect, we recorded visual evoked potentials (VEP) directly from the binocular region of visual cortex in anesthetized adult Mecp2 KO and WT mice. Reversing square wave gratings of low spatial frequency were presented, and visual response was acquired at several cortical depths to determine the site of maximal VEP amplitude (see Figure S1A available online). Signal strength typically decreased with increasing spatial frequency in both mutant and WT littermates. Acuity threshold was calculated as the frequency at which the cortical signal reached 0 mV ( Figure S1B ). Consistent with their behavioral acuity, cortical acuity in V1 was significantly reduced in the Mecp2 KO compared to WT mice ( Figure 1A , p < 0.005).
To establish when the visual impairment arises, we took advantage of the optomotor task to measure acuity over the life course of the animal. Mecp2 KO mice exhibited low spatial resolution at eye opening that matured along a profile identical to that of WT animals until P30-35. While spatial acuity remained stable thereafter in adult WT mice (p > 0.1), it started to regress rapidly after P40 in Mecp2 KO animals ( Figure 1B) . Overall, the developmental profile of WT and KO mice was significantly different (p < 0.0001, Two-Way ANOVA). To determine whether the visual phenotype was robustly present in other Mecp2-deficient models, we measured visual acuity in the Mecp2 lox-stop line (Guy et al., 2007) . These males exhibit delayed onset of RTT symptoms compared to the constitutive Mecp2 KO mice due to leakage of the lox-stop suppressor (Lioy et al., 2011 In order to evaluate neuronal activity at the level of single cells, we performed extracellular recordings in vivo across all cortical layers using multi-channel probes (Figures 1D and S2 ; see Experimental Procedures). The adult visual cortex was largely silent in Mecp2 KO mice compared to WT littermates, revealing a significant decrease in both spontaneous and evoked activity ( Figure 1E ; p < 0.005). Even among neurons with an evoked firing rate similar to that of WT cells, spontaneous activity was still affected. Consequently, the signal-to-noise ratio (SNR) was increased in neurons from all cortical layers of the mutant mice (Figures 1F and S2B; p < 0.05, KS test) .
Rescuing Hyperconnected PV Circuits Lacking Mecp2
Our examination of visual physiology in vivo confirmed a shift of E/I balance in favor of inhibition as initially reported for Mecp2 KO mice in vitro (Dani et al., 2005; Wood and Shepherd, 2010) . Recent studies, however, have shown that selective deletion of Mecp2 only from GABAergic cells results in a decrease of Gad1/2 and GABAergic neurotransmitter release (Chao et al., 2010) .
We, therefore, examined inhibitory circuit markers in the total absence of Mecp2. Quantitative PCR of visual cortical homogenates verified a general downregulation of inhibitory markers in adult Mecp2 KO mice (Table 1) , including decreased gene expression of GABA-synthetic enzyme, GAD65. GABA immunofluorescence levels were also significantly reduced, in agreement with previous reports (Chao et al., 2010 ). Yet not all inhibitory circuits were equally affected by total deletion of Mecp2, as the markers of three major subsets of GABAergic interneuron were regulated differentially. While mRNA of the calcium-binding proteins, calretinin and calbindin, were decreased in Mecp2 KO mice, PV levels were unexpectedly increased (Table 1 ).
An upregulation of PV immunofluorescence intensity revealed a primary effect of increased neurite complexity (Figures 2A and 2B, top) rather than a change in total PV-cell number (WT = 0.13 ± 0.06, KO = 0.11 ± 0.02 PV/DAPI-positive cells, p = 0.48, Mann-Whitney test). In particular, the number of PVpositive perisomatic boutons was increased in Mecp2 KO mice ( Figure 2B , bottom). Basket type PV-cell synapses, positioned on the somata and proximal dendrites, control excitability of principal cells, adjust the gain of their integrated synaptic response (Markram et al., 2004; Atallah et al., 2012) and are particularly important for the emergence of cortical network function (Hensch, 2005; Bartos et al., 2007) . Notably, sensory experience regulates the postnatal maturation of these PV circuits in visual cortex: dark-rearing from birth (DR) specifically reduces perisomatic inhibition (Katagiri et al., 2007; Sugiyama et al., 2008) .
We found that even in the absence of Mecp2, DR was sufficient to rescue PV-cell hyperconnectivity (Figures 2A and 2B ), renormalizing PV levels and the number of perisomatic boutons ( Figure 2 and Table S1 ). Firing rates of cortical pyramidal cells are homeostatically regulated (Turrigiano and Nelson, 2004) and spontaneous firing in vivo increases upon DR (Gianfranceschi et al., 2003) . We confirmed an augmentation of spontaneous activity ( Figure 2C ; p < 0.0001) but not of evoked response (p > 0.1) in DR WT mice. Consistent with an anatomical rescue, DR restored spontaneous firing rates of Mecp2 KO mice to the same range as that of control WT cells (p > 0.1) and significantly above that of light-reared KO cells ( Figure 2C ; p > 0.05). No increase in evoked neural responsiveness was found, rescuing signal-to-noise ratio (SNR) across layers and cell types (Figures 2C and S2) . Concurrently, DR from birth was able to preserve visual acuity into adulthood when measured behaviorally ( Figure 2E ) and supported by cortical VEP recording ( Figure S1C ). The improvement of cortical function was specific to V1, as motor performance on rotarod and open field behavioral assay remained impaired after DR ( Figure S3A ). To determine when sensory experience must be removed in order to prevent progressive loss of visual function, Mecp2 KO mice were deprived of input starting just before vision regressed. Visual acuity was first measured behaviorally in a group of light-reared mutant mice at P30 ( Figure 2D ; p > 0.5 compared to WT littermates). A subset of these animals was then placed into total darkness, while the rest were kept in a normal light/dark cycle until adulthood (P55-60; Figure 2D ). KO animals in the dark retained a significantly higher spatial acuity compared to light-reared littermates (p < 0.005). However, visual acuity was still at a lower level than that of WT light-reared mice at P60 (p < 0.005).
We, therefore, placed Mecp2 KO mice in total darkness until P55-60 from earlier stages of postnatal development (just after eye opening at P14 or at P20). All rearing paradigms preserved visual acuity into adulthood, but only those mice placed in darkness from birth or immediately after eye opening showed visual acuity in the normal range of WT animals ( Figure 2E ; p > 0.05). Taken together, these results surprisingly reveal that visual experience in the absence of Mecp2 has a detrimental effect on visual cortical function.
Enhanced Inhibitory Gating Precedes Vision Loss
Taken together, our results support a developmental disruption of visual cortical circuits that precedes the loss of vision. We then examined when the PV hyperconnectivity first emerges in Mecp2 KO mice. Overall PV intensity and perisomatic puncta ( Figure 3A ) were already significantly increased just after eye opening (P15) and well before the maturational trajectory for visual acuity deviates from normal. In contrast, decreased perisomatic GAD65 expression was not yet evident at P15 and only gradually appeared as the mice matured (>P30) ( Figure 3A ). To determine whether the early hyperconnectivity of PV puncta results in enhanced inhibitory function, we examined the spatial propagation of activity in visual cortical slices using VSDI (voltage-sensitive dye imaging; Grinvald and Hildesheim, 2004) . We previously demonstrated that VSDI is sensitive to laminar changes in PV circuit reorganization (Lodato et al., 2011) . Proper positioning and synaptogenesis of GABAergic cells is critical for maintaining signal propagation and E/I balance. PV circuits in particular potently gate the flow of thalamocortical activity through layer 4 (Cruikshank et al., 2007; Bagnall et al., 2011; Kirkwood and Bear, 1994; Rozas et al., 2001 ). We examined coronal visual cortical slices from KO and WT animals at P22-25, when PV circuits have normally reached (A) PV-immunofluorescence is elevated at P15 in Mecp2 KO animals (3 mice each, p < 0.01, Mann-Whitney test), and this difference persists into adulthood (see also Figure 2 ). The density of perisomatic PV-boutons upon pyramidal cell somata is significantly increased in the absence of Mecp2 starting already at P15 and throughout life (upper right, 3-4 mice each, versus WT; *p < 0.01, **p < 0.001, Mann-Whitney test). WT mice also exhibit a significant increase in PV-puncta across development (3-4 mice each, p < 0.01, Mann-Whitney test).The level of GAD65 within PV puncta is significantly decreased starting from P30 in Mecp2 KO mice compared to WT (lower right, 3-4 mice each, versus WT; *p < 0.01, **p < 0.001, Mann-Whitney test). Scale bar, 5 mm.
(B) Propagation of neuronal activity through layer 4 at threshold stimulation is reduced in upper layers in the Mecp2 KO mouse. Schematic of recording area indicating position of the stimulating electrode (black arrowhead) in the white matter (WM) and ROIs (squares) for analysis in upper and lower layers ''on beam.'' Pseudocolor peak response frame from VSDI movies of WT slices 15 ms after half maximal WM stimulus, revealing strong WT response propagation to the upper layers. The upper layer response in KO slices is suppressed at threshold stimulus intensity (graph arrow). Scale bar, 250 mm. Upper/lower layer response ratio as a function of WM stimulus intensity. All results expressed as mean ± SEM (4-5 mice each); *p < 0.001, t test. See also Figure S2 .
maturity (Kuhlman et al., 2010) and prior to visual acuity loss in the Mecp2 KO mice ( Figure 1B) . We monitored the spread of activity in response to a current pulse delivered to the white matter and quantified two regions (125 3 125 mm 2 ) within supra-and infragranular layers (Lodato et al., 2011) . As expected, WT mice exhibited a strong response that propagated rapidly to the upper layers ''on beam'' with the stimulating electrode ( Figure 3B , black bars). Input-output curves of maximum fluorescence intensity revealed a gating of upper-layer response with increasing stimulus intensity (Figure 3B, right) , which reflects the recruitment of inhibition in layer 4 (Lodato et al., 2011) . In slices from Mecp2 KO mice, response propagation was strongly gated even at threshold stimulus intensities with layer 2/3 signals failing to reach WT levels despite normal lower layer activation ( Figure 3B , red bars).
Together these results reveal an early impact of Mecp2 deficiency on inhibitory network maturation prior to cortical malfunction. To evaluate whether Mecp2 directly regulates PV expression as early as these first circuit abnormalities emerge, we performed chromatin immunoprecipitation (ChIP) experiments on homogenates of WT visual cortex at P15 followed by qPCR ( Figure S4 ). In silico analysis of the Pvalb gene proximal promoter revealed one CpG island ( Figure S4 and Table S1 ; see Supplemental Experimental Procedures for details). We found that one of two unbiased primers exhibited significant binding of Mecp2 upstream of the Pvalb transcription start site (TSS;1.2-to 1.5-fold enrichment over IgG, p < 0.02; Figure S4 ), supporting an early regulation of Pvalb transcription by Mecp2. If so, a late deletion of Mecp2 selectively from PV cells may not be sufficient to mimic deficits found in the constitutive KO mouse.
We, therefore, selectively removed Mecp2 from PV-cells after vision had fully matured. (Figure 4A) . Nevertheless, these late PV-conditional KO (c-KO) mice also exhibited an increase of PV intensity ( Figure 4B , left), confirming successful Mecp2 deletion. The innervation of excitatory neurons was, however, unaffected ( Figure 4B, right) , as the number of perisomatic PV puncta was similar in c-KO and control mice (0.33 ± 0.01 versus 0.35 ± 0.01, p = 0.07, 3 mice each). Single-cell recordings in vivo showed a correspondingly unaltered spontaneous activity (but a decrease in evoked response) of excitatory neurons ( Figure 4C , inset). SNR was not significantly different between WT and c-KO littermates. Under these conditions, visual acuity was unaffected ( Figure 4D ). Our results establish an early derailment of PV circuit maturation in the total absence of Mecp2, which is manifest only later as a loss of visual acuity.
NR2A Regulates Cortical Function in Mecp2KO Mice
We next searched for a molecular correlate of the developmental rescue of PV-cells. It has been reported that NMDA receptor subunit 2A (Grin2a) and NR2B (Grin2b) transcription is misregulated in the absence of Mecp2 (Asaka et al., 2006; Chahrour et al., 2008; Lee et al., 2008; McGraw et al., 2011) . Indeed, we identified Mecp2 binding to the Grin2a promoter in homogenates of visual cortex at P15 by ChIP-qPCR experiments ( Figure S4) . Specifically, the DNA sequence 3 kb upstream and 1 kb downstream of the TSS, revealed three CpG islands ( Figure S4 and Table S1 ; see Supplemental Experimental Procedures for details). We found that one of five unbiased primers (NR2A-1) exhibited statistically significant binding of Mecp2 downstream of the Grin2a TSS (1.3 to 3.0 fold enrichment over IgG, p = 0.027; Figure S4 and Table S1 ). In contrast, binding of Mecp2 to the reported enrichment site for Grin2b (Lee et al., 2008) was observed only in 3 out of 4 samples, therefore not meeting statistical significance ( Figure S4 ).
In homogenates of Mecp2 KO mouse visual cortex, both NR2A and NR2B subunit expression were significantly decreased in adulthood (Table S2 ). However, NR2B disruption was more severe (Lee et al., 2008) , resulting in a significant increase of NR2A/2B ratio compared to adult WT mice (Figure 5A) . A greater NR2B loss (À25%) with respect to NR2A (À13%) was already evident at P30 in V1 of the Mecp2 KO mice prior to regression of visual acuity (n = 3 mice each, WT versus KO, p < 0.05 t test). Together, our results support an early regulation of NR2A expression by Mecp2.
Visual experience upon eye opening directly modulates NMDA receptor subunit composition in an activity-dependent manner (Quinlan et al., 1999) . DR delays the switch from NR2B to 2A-enriched receptors ( Figure 5A and Table S2 ). We found that DR of Mecp2 KO mice was sufficient to further downregulate NR2A expression (Table S2) , renormalizing NR2A/2B ratio to light-reared WT levels ( Figure 5A ). Moreover, selective disruption of NMDA receptors upon PV-cells in particular is known to alter cellular, network and behavioral function (Kinney et al., 2006; Belforte et al., 2010; Korotkova et al., 2010) . We, therefore, examined whether direct NMDA receptor manipulation would yield a functional rescue in V1 similar to DR.
To reestablish the proper NR2A/2B ratio in Mecp2 KO mice, either NR2B should increase or NR2A decrease. We focused on NR2A-deficient mice as a potential strategy for restoring NR2A/2B ratio and, consequently, vision in Mecp2 KO mice. NR2A KO mice are viable and healthy (Fagiolini et al., 2003) , as NR2A deletion is naturally restricted to a postnatal period after initial circuit formation and eye opening (Quinlan et al., 1999; Fagiolini et al., 2003) . Heterozygous Mecp2 females were crossed with NR2A KO males to obtain viable first and second generation mice, respectively.
Mecp2/NR2A double-mutant offspring exhibited a strikingly healthy appearance, normal weight and absence of hindlimb clasping phenotype ( Figure 5B ). While only 56% of Mecp2 KO mice survived until P60 (98/174 mice), all double mutant mice reached P60 (19/19 Mecp2 KO/NR2A Het and 10/10 Mecp2 KO/NR2A KO mice). However, rotarod and open field behaviors remained partially defective in both DR and double mutant mice ( Figure S3 ). Note that NR2A KO mice themselves exhibit some coordination defects (Kadotani et al., 1996) and Mecp2 deficiency in glial cells may largely contribute to such subcortical phenotypes (Lioy et al., 2011) .
Importantly, cortical PV-cell hyperconnectivity and development were rescued ( Figure 5C ). Mecp2/NR2A double mutants exhibited renormalized PV intensity and density of perisomatic boutons ( Figure 5C and Table S2 ). One consequence of reduced NR2A expression is weak orientation tuning (Fagiolini et al., 2003) . NR2A deletion similarly reduced stimulus selectivity in WT and Mecp2 KO mice ( Figures 6A and 6B ) and was not significantly different between genotypes. Both heterozygous (Mecp2 Figure 6C ). Consistent with this, visual acuity was preserved (despite poor orientation tuning) in Mecp2 KO mice when combined with NR2A deletion, just as for early DR (Figure 6D ; p > 0.05).
DISCUSSION
We found that deletion of Mecp2 induces a direct, early upregulation of PV expression and a rapid hypermaturation of PV-cell connectivity onto cortical pyramidal neurons. This was functionally manifest in vitro as an enhanced inhibitory gate within layer 4 as early as P22. Once fully mature PV connectivity levels were finally exceeded beyond P30 in Mecp2 mutant, spontaneous activity in cortical circuits fell silent in vivo and visual acuity was lost. Far from detrimental ''noise,'' the spatiotemporal structure of spontaneous activity may shape neural responses during natural viewing and enable increased stimulus detection at perceptual threshold (Deco and Romo, 2008; Ringach, 2009; Schö lvinck et al., 2012) . In addition, the preferential reduction of spontaneous activity by GABA may normally trigger key developmental transitions in visual plasticity (T. Toyoizumi, H. Miyamoto, T.K.H., and K.D. Miller, unpublished data). Early hyperconnectivity of perisomatic PV-circuits is wellsituated to suppress spontaneous activity prematurely , and may underlie the cortical impact of Mecp2 dysfunction. In both developing and mature visual cortex, sensory evoked neural activity represents the modulation of ongoing circuit dynamics, rather than directly reflecting the structure of the input signal itself (Fiser et al., 2004) . Moreover, the similarity between spontaneous and evoked activities develops with age (Berkes et al., 2011) , suggesting that spontaneous cortical activity adapts to represent the statistics of the external world in the Bayesian view. A failure to maintain an internal model of the environment that is normally needed to interpret sensory inputs or to prepare actions is indicative of an autistic syndrome (Fox and Raichle, 2007) .
Our results from the constitutive Mecp2 KO mice present the first in vivo verification of a progressive shift in cortical E/I balance favoring inhibition, which is consistent with earlier brain slice studies (Dani et al., 2005; Nelson et al., 2006; Wood et al., 2009; Wood and Shepherd, 2010) . Wood and Shepherd (2010) , in particular, reported a selective decrease of excitatory input onto layer 2/3 pyramidal neurons, with no change in inhibitory drive. While we cannot exclude potentially selective differences across cortical laminae, it is important to note that mIPSCs reflect all inhibitory synapses onto a given cell and fail to distinguish between input subtypes. The net result may well have appeared as no change or greater variability of mIPSCs. It would be informative to perform paired-cell recordings (from connected PV, pyramidal neurons) in these mice to ascertain the strength of individual inhibitory connections, as well as the degree of convergence from multiple PV cells onto individual layer 2-3 neurons.
The upregulation of PV circuitry in the absence of Mecp2 is unexpected, as there is a general decrease of GABA, GAD65, and calbindin/calretinin (Table 1) . Neither anatomical nor functional subcircuit dissection of inhibition have previously been performed in Mecp2 KO mice. We previously showed that VSDI is sensitive to laminar changes in subtype-selective inhibition (Lodato et al., 2011) Kirkwood and Bear, 1994; Rozas et al., 2001 ), we monitored the activity spreading upward from a white matter stimulus. This confirmed a localized strengthening of net inhibition within layer 4 when Mecp2 is lacking. Future studies should explore PV cells directly, as they control the timing of cortical critical periods (Hensch, 2005) , which may be shifted in development here.
Late deletion of Mecp2 in adulthood has recently been found to impact survival and motor coordination (McGraw et al., 2011; Cheval et al., 2012; Nguyen et al., 2012) . However, none of these studies have examined cortical function in detail. Moreover, humans suffering from Rett syndrome as a consequence of global Mecp2 loss of function do not have a gene deletion that is restricted to specific cell types or only at late ages. We find that developmental trajectories must be considered in detail (Figure 7 ). Delayed downregulation of GAD65 in the absence of Mecp2 (Table S1 ; Chao et al., 2010) may reflect a compensation to the early increases in perisomatic PV boutons. As GABA signaling per se promotes synapse elimination and axon pruning (Wu et al., 2012) , the initial hyperconnectivity may become increasingly difficult to overcome.
Implications for Therapeutic Strategies
A late reduction of GABA circuit function mirrors the delayed appearance of acute symptoms in RTT syndrome, such as seizures (Jian et al., 2006; Glaze et al., 2010; Nissenkorn et al., 2010) . As a result, antiepileptic drugs have little or no beneficial effect on the cognitive aspects of RTT syndrome (Huppke et al., 2007; Nissenkorn et al., 2010) . Enhancing inhibition once regressive symptoms have emerged must be tempered in view of the persistently strong PV subcircuits (Figure 7, arrow ''B'') . A more effective strategy to prevent the delayed loss of cortical functions reflecting a critical period (such as vision or language) may require early interventions to dampen PV hyperconnectivity (Figure 7 , arrow ''A''). Overlooking developmental stage or subtleties of inhibitory circuit misregulation by therapeutic approaches based on global GABAergic modulation (Chao et al., 2010) may yield counter-productive consequences for patients.
Strikingly, both an environmental (DR) and genetic (NR2A) approach could prevent the loss of cortical function in the absence of Mecp2. Imbalanced NR2A/2B subunit ratios emerged by P30 which could be rescued by DR in Mecp2 KO mice. Removing sensory experience rebalanced the ratio by retaining NR2B while preserving immature low levels of NR2A expression (Figure 3) . Upon eye opening, cortical NMDA receptor subunits are typically phosphorylated in an experience-dependent manner so as to remove NR2B and insert NR2A into active synapses (Sanz-Clemente et al., 2010) . Constitutive removal of NR2A, or DR started prior to P20, were most potent ( Figure 2E ) in preventing the early PV cell hyperconnectivity (Figure 4) . Note that PV cells are exquisitely sensitive to NMDA receptor disruption (Kinney et al., 2006; Belforte et al., 2010; Korotkova et al., 2010) .
Our ChIP results indicate that Mecp2 may directly regulate Pvalb and Grin2a gene expression as early as eye opening. In adult cortical tissue, MeCP2 is thought to be bound throughout the neuronal genome in a pattern similar to that of a histone protein functioning on a global scale to modulate chromatin structure (Cohen et al., 2011) . Multiple CpG binding sites on the Grin2a and Grin2b promoters suggest either up-or downregulation of gene expression is possible by activity-dependent mechanisms in a cell-specific manner ( Figure S4 ; Asaka et al., 2006; Chahrour et al., 2008; Lee et al., 2008; McGraw et al., 2011) . Note that high PV expression and hyperconnectivity are present already at eye opening and that direct Mecp2 deletion only from PV cells, upregulates PV expression (Figure 4) . Future work should analyze the developmental profile of activity-dependent Mecp2 binding at these discrete sites.
Identification of a specific receptor pathway within a particular cortical circuit now offers an accessible membrane target for drug intervention strategies. These would not rely upon the global re-expression of intracellular molecules, such as BDNF signaling or Mecp2 itself (Chang et al., 2006; Guy et al., 2007; Kline et al., 2010) . Importantly, NR2A transcription, translation and posttranslational modifications are regulated by multiple factors, including but not limited to Mecp2 binding (SanzClemente et al., 2010) . For example, novel NR2A receptor antagonists (Liu et al., 2004; de Marchena et al., 2008) , as well as the casein kinase pathway (Sanz-Clemente et al., 2010) , can now be assayed. Ketamine-an NMDA receptor antagonist acting preferentially on PV cells (Behrens et al., 2007) -has recently been reported to reverse functional deficits in key forebrain nodes of the default mode network in Mecp2 KO mice (Kron et al., 2012) . Other factors, such as the Otx2 homeoprotein, have been found to maintain PV-cells in a mature state (Beurdeley et al., 2012) . Knockdown strategies regulating Otx2 content may also be fruitful in treating the Mecp2 KO mice.
Maturation of visual cortical circuits is reportedly impaired in another autism model, the Angelman syndrome mouse deficient in Ube3a (Yashiro et al., 2009) , which can also be reversed by sensory deprivation. Our results indicate that ongoing endogenous neural activity may ensure the stability of cortical circuits. At a synaptic level, spontaneous transmitter release is required to maintain postsynaptic receptors (McKinney et al., Parvalbumin (PV) intensity and puncta density onto pyramidal cells reveal a PV-circuit hyperconnectivity as early as P15 that increases throughout life, while GAD65 is not downregulated until adulthood. Circuit-based therapeutic strategies independent of Mecp2 may now be relevant. An effective strategy to prevent the delayed loss of cortical functions (such as vision or language) should focus on early interventions to dampen PV hyperconnectivity (A) rather than on acute enhancement of inhibition once regressive symptoms have emerged (B). See also Figure S4. 1999; Saitoe et al., 2001) , while spontaneous action potentials observe spike-timing-dependent plasticity rules for synapse strengthening and maintenance of connectivity (Gilson et al., 2009; Kolodziejski et al., 2010) . DR or NR2A disruption, while degrading orientation tuning even further (Figure 6 ), is sufficient to rescue both spontaneous neural activity and normal visual acuity in Mecp2 KO mice. Retinogeniculate circuits are instead unaffected by late DR, responding as if deprived in the Mecp2 KO mouse (Noutel et al., 2011) .
Our findings ultimately reveal that vision in Rett syndrome patients may serve as a robust biomarker of both cortical status and its response to therapy. To date, visual processing and vision, in general, have never been analyzed in a systematic manner in RTT patients. Available data in the literature are limited and mixed (Saunders et al., 1995; von Tetzchner et al., 1996) and a few studies have suggested some abnormal visual processing in RTT patients (Bader et al., 1989 , Stauder et al., 2006 von Tetzchner et al., 1996) . This is a missed opportunity, given that eye gaze is one of the relatively well-preserved functions in nonverbal RTT girls, making vision testing feasible. Preliminary data indicate a clear correlation between visual processing and the clinical stage of RTT patients (G. DeGregorio, O. Khwaja, W. Kaufmann, M.F., and C.A. Nelson, unpublished data). Our findings thus encourage a longitudinal study of vision in Rett syndrome patients and its potential use as a biomarker of cortical function.
EXPERIMENTAL PROCEDURES
All procedures were approved by IACUC of Boston Children's Hospital and conducted in the Mecp2 KO mouse line generated by A. Bird and colleagues (Guy et al., 2001) . Double mutants for Mecp2 and NR2A were generated by crossing Mecp2 heterozygote females with NR2A KO males (originally generated by M. Mishina; Sakimura et al., 1995) . fLox-STOP-Mecp2 (Guy et al., 2007) or PV-Cre x fLox-Mecp2 animals were used in some experiments (Hippenmeyer et al., 2005 ; Jackson Laboratories). All control animals were WT age-matched littermates of the mutant mice.
Single-Cell Electrophysiology In Vivo
Electrophysiological recordings were performed using standard techniques (Fagiolini et al., 2003) . Spontaneous and evoked single-unit responses were recorded with multichannel probes (A1x16-3mm-50-177-A16, Neuronexus Technologies) in response to high contrast (100%), low spatial frequency sine wave gratings (0.025 or 0.07 cpd; 2 Hz).
Visual Evoked Potential (VEP)
Transient VEPs were recorded under nembutal/chlorprothixene anesthesia using standard techniques in mice (Fagiolini and Hensch, 2000) . A tungsten electrode (1.5 MU, FST) was inserted into binocular V1. Receptive field was located within the visual field 20 degrees from the vertical meridian corresponding to the maximal VEP response.
Visual Behavioral Test: Optomotor Task
Behavioral threshold acuity was evaluated using the optomotor task (Prusky et al., 2004) . Mice were tested every 3-5 days starting after eye opening until adulthood (P60-P240). Experimenters were blind to genotype and the animal's previously recorded thresholds. All animals were habituated before the onset of testing by gentle handling and by placing them on the arena platform for a few minutes at a time.
In Vitro Analysis: Voltage-Sensitive Dye Imaging Mice were decapitated under brief isoflurane anesthesia and the brain processed as detailed in Supplemental Information. A stimulating pulse (1 ms) was delivered through an ACSF-filled patch pipette to the white matter in V1. The resultant change in emitted Di-4-ANEPPS fluorescence, corresponding to a change in membrane potential, was recorded with a MiCam Ultima (Brain Vision, SciMedia) camera (at 1 frame/ms). Changes in fluorescence were averaged across ten 512 ms trials. Regions of interest (125 3 125 mm 2 )
in the upper (150 mm below the pia) and lower layers (300 mm above the white matter) ''on beam'' with the stimulating electrode were analyzed for maximum change in intensity normalized to the resting intensity (DF/F).
Immunofluorescence Primary antibodies and dilutions are detailed in the Supplemental Information. Quantitative analyses of the binocular zone of visual cortex across all layers were performed blind to genotype and treatment. Mean pixel intensity (at 1003) of the PV signal in each field (1,024 3 1,024) was measured using MacBiophotonics ImageJ software. The number of perisomatic synapses (at 100x) was determined on triple-stained images (PV, GAD65, DAPI) using the ''particle analysis'' function (ImageJ).
Chromatin Immunoprecipitation Analysis
ChIP experiments were performed using the MAGnify Chromatin immunoprecipitatin kit (Invitrogen) with some modifications, followed by qRT-PCR. Immunoprecipitation was performed on visual cortex homogenates using rabbit antibody against Mecp2 (Millipore) or non specific immunoglobulin IgG (Jackson Immunoresearch) as negative control. For a description of computational analysis and experimental details see Supplemental Information.
Statistical Analysis
All data are presented as mean ± standard error, with n and ages as shown in figures or stated in text. All data were first analyzed for D'Agostino & Pearson omnibus normality. The following parametric tests were used: one-way ANOVA with Tukey's multiple comparison test for comparison of multiple groups, two-way ANOVA for comparing acuity development and unpaired t test for comparing between two groups. The following nonparametric tests were used: Mann-Whitney rank-sum test for comparing between two groups and Kruskal-Wallis analysis of variance with Dunnet's post hoc test for comparison of multiple groups.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, two tables, and Supplemental Experimental Procedures and can be found with this article online at http://dx. doi.org/10.1016/j.neuron.2012.12.004.
